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LysozymeDSC analysis has been used to quantify the reversibility of unfolding following thermal denaturation of lyso-
zyme. Since the temperature at which protein unfolding occurs, Tm, varies with different solution conditions,
the effect on the melting temperature and the degree of refolding after thermal denaturation in low ionic
strength sodium phosphate buffers (5–1000 mM) over a range of pH (5–9) in the presence/absence of disac-
charides is examined. This study compares the enthalpies of unfolding during successive heating cycles to
quantify reversibility following thermal denaturation. The disaccharides, trehalose and maltose were used
to assess if the disaccharide induced increase in Tm is reflected in the reversibility of thermally induced dena-
turation. There was extensive overlap between the Tm values where non-reversible and reversible thermal
denaturation occurred. Indeed, for pH 6, at the highest and lowest Tm, no refolding was observed whereas
refolding was observed for intermediate values, but with similar Tm values having different proportions of
refolded protein. We established a method to measure the degree of reversible unfolding following thermal
denaturation and hence indirectly, the degree to which protein is lost to irreversible aggregation, and show
that solution conditions which increase melt transition temperatures do not automatically confer an increase
in reversibility. This type of analysis may prove useful in assessing the stability of proteins in both the bio-
pharmaceutical and food industries.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
The transformation of proteins from native to non-native confor-
mations is an acute issue clinically [1] and in pharmaceutical research
and development [2]. Aggregates can be formed from non-native
folding intermediates and this has been shown both in-vitro [3] and
in computational studies [4]. Non-native protein conformations in so-
lution may lead to protein aggregation and the shelf life of a product
may be reduced due to decreased therapeutic capacity in biopharma-
ceutical formulations [5]. Additionally, aggregated proteins may pro-
duce an immunogenic response resulting in compromised product
safety [6]. The physiochemical conditions required to purify and con-
centrate proteins is often not conducive to maximal protein structural
stability [7]. The structural stability of a protein is sometimes assessed
by measuring the temperature at which thermal denaturation occurs
[8], and is dependent upon solution conditions such as protein con-
centration, pH, ionic strength, presence of co-solutes and ion type
[9]. Aggregation associated with unfolding may occur following ther-
mal denaturation which may be unavoidable, or occur inadvertently,
during the processing of proteins [10,11]. Conversely, thermal dena-
turation may be the desired outcome of some processes [12]. The
melt transition temperature, the temperature at which the changeanus).
l rights reserved.in apparent heat capacity reaches a maximum during differential
scanning calorimetry (DSC), Tm, is widely used as a measure of protein
stability [8,13]. This study uses DSC analysis to quantify the reversibil-
ity of unfolding following thermal denaturation, at moderately high
protein concentration (100 mg/ml) and investigates if Tm is an ade-
quate thermodynamic parameter to describe the structural stability
of the protein or if both Tm and the reversibility of unfolding might
yield a more complete analysis.
Protein aggregation occurs in a concentration dependent manner
[14] and a critical concentration may be necessary for aggregation ini-
tiation [15]. For this reason the lysozyme concentration was fixed at
100 mg/ml. From a practical perspective, conducting measurements
at these concentrations is useful since it is consistent with the total
protein level in serum [16] and also the final protein concentration
in many biopharmaceutical formulations [7].
Changes in pH alter protein stability by multiple mechanisms, in-
cluding, but not limited to; hydrogen bond interactions, salt-bridge
and like-charge repulsion effects [17]. Ion type and ionic strength
have a complex effect on the stability of proteins. The process by
which ions affect the stability of proteins is not fully understood,
but is thought to be mediated by both specific and non-specific inter-
actions between the ions and proteins and between the ions and
water [18,19]. The buffer type and pH range (pH 5 to pH 9) were cho-
sen for a number of reasons. In previous work we have shown that for
lysozyme, Tm is pH dependent [20]. In that study, different buffer salts
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and sodium acetate for pH 4.5). Co-solutes such as disaccharides
are known to increase Tm and this is thought to occur as a result of
preferential exclusion of disaccharides from the surface of proteins
[21,22]. Trehalose and maltose are used here to assess whether a di-
saccharide induced increase in Tm has an impact on the reversibility
of thermally induced lysozyme denaturation. Thus, we have used a
single buffer salt across a range of pHs and ionic strengths and in the
presence and absence of co-solutes to methodically adjust Tm and
generate a set of data to assess the degree of aggregation following
thermal denaturation. While lysozyme is not of biopharmaceutical
interest, it is used here to demonstrate the utility of the approach.
In this study, solution conditions were adjusted to generate a set
of data where the Tm and degree of aggregation following thermal de-
naturation were expected to vary.
Protein aggregation is a collective term which includes reversible
[23] and irreversible aggregate formation [24]. Aggregates may be
formed from proteins which are either essentially native in struc-
ture [14] or non-native, unfolded or partially folded moieties [4,7,25].
For small globular proteins the amino acid sequence encodes sufficient
information to allow the spontaneous reformation of the native struc-
ture from the denatured state in-vitro [26].
It has long been known that DSC can be used to assess reversibility,
but there is a lack of published studies for proteins. In a recent per-
spective, Pethica noted a shortage of data on second (and subsequent)
DSC scans in the literature [27]. Lysozymehas been chosen as ourmodel
protein since many of the biophysical properties of this 14.7 kDa,
globular protein are well understood [28]. DSC is a classical method
used to evaluate protein thermodynamic parameters including the
enthalpy of unfolding, ΔHunf, and heat capacity, Cp. Recently, Sasahara
et al. studied amyloid fibril formation for lysozyme during a heating
cycle byDSC in a sample that had previously been incubatedwith agita-
tion [29]. TheDSC thermograms showed a sharp decrease in heat capac-
ity which was ascribed to the heat flow associated with the conversion
from an ‘aggregation-competent’ lysozyme species, formed through
agitation, to heat-induced amyloid fibrils. In a series of interruption–
incubation DSC experiments, Luo et al. established a method to distin-
guish between two-state and non-two-state (lysozyme and bovine
serum albumin respectively) denaturation processes [30]. A combina-
tion of Raman spectroscopy and temperature-modulated scanning
calorimetry shows support for a two-stage process during the thermal
denaturation of lysozyme [31]. An initial change in the tertiary structure
without concurrent unfolding of secondary structure, followed by
unfolding of the secondary structure was observed. Temperature-
modulated scanning calorimetry has been used to decouple reversible
and irreversible enthalpy changes during the thermal denaturation of
lysozyme [32].
The aim of this study is to assess whether Tm is related to the de-
gree of reversibility following thermal denaturation. By comparing
DSC thermograms after successive heating and cooling cycles, we
determine the extent of reversibility of thermal denaturation. We
do not find any direct correlation between solution condition induced
changes in Tm and the degree of reversibility. Indirectly, the proportion
of protein lost to aggregation during the heating and cooling process
can also be determined from these measurements. As expected, the
degree of reversibility decreases as the pI of the protein is approached
and also with increasing ionic strength. While sugars increase the Tm
for the protein, little significant increase in reversibility is observed.
2. Experimental methods
2.1. Sample preparation
Chicken egg white lysozyme was purchased from Calbiochem
and used without further purification. Sodium phosphate buffers
of 5 mM–1000 mM concentrations were prepared using analyticalgrade reagents. The lysozyme was dissolved in buffer at ≈4 mg/ml.
Co-precipitated acetate salts were removed by concentrating the
sample and reconstituting the sample repeatedly by ultrafiltration
for 5 min using Amicon Ultra-4 MWCO 10 kDa centrifugal devices at
4000 ×g. When the pH of the lysozyme solution matched the buffer
pH a final spin at 7000 ×g for 10 min was used to concentrate the
sample. Lysozyme concentrations were determined by UV absorbance
using an extinction coefficient of 2.64 ml mg−1 cm−1 [33]. The final
concentration was adjusted, using appropriate buffer, to 200 mg/ml.
Fresh solutions were prepared for each DSC cycle.
Maltose monohydrate and trehalose dehydrate were purchased
from Calbiochem and used without further purification. Each sugar
was prepared in the appropriate buffer to a final concentration of 40%
(v/v). Samples were prepared for DSC mixing the lysozyme 50/50
with either appropriate buffer or sugar solution. The final concentration
of lysozyme was therefore 100 mg/ml protein and the final concentra-
tion of sugar was 20% (v/v) where present.
2.2. DSC measurement
A Perkin Elmer Pyris-6 Differential Scanning Calorimeter (Perkin
Elmer, Ireland) was used to conduct the DSC measurements [34,35].
A 55 μl sample was prepared and weighed into a large volume stain-
less steel capsule (Perkin Elmer, Ireland) which was then sealed and
analyzed. The sample was equilibrated at 25 °C for 5 min before the
temperature was increased from 25 °C to 95 °C at a scan rate of
1 °C/min. The scan rate was maintained throughout subsequent
scans and the sample was cooled from 95 °C to 40 °C whereupon
heating to 95 °C and cooling to 40 °C was repeated twice more.
Thus, three heating and cooling cycles were completed. Baseline sub-
tractions and data analysis were executed using OriginPro version 9.0
software (Origin-Lab Corporation, Northampton, MA).
2.3. SDS PAGE
Lysozyme samples were prepared as for DSC. Two 1 ml aliquots
were pipetted into 1.5 ml Eppendorf tubes which were sealed. The
samples were then heated to 95 °C and allowed to cool to 23 °C.
One of the samples was heated for a second cycle. Thus, the DSC con-
ditions were simulated. The sample was centrifuged at 13,000 ×g
using a VWR Galaxy D, microcentrifuge to separate the aggregate
from the supernatant. The protein concentration in the supernatant
was determined using UV absorbance. The samples were diluted to
1 mg/ml and resolved on a 12.6% SDS PAGE. A Thermo Scientific
PageRuler Plus prestained protein ladder was used to determine the
molecular weight of the lysozyme bands. The gel was run at 200 mV
for 50 min followed by Coomassie Brilliant Blue staining.
2.4. Intrinsic fluorescence
The samples were prepared in the same manner as for SDS page.
A Molecular Devices SpectraMax M2e (Molecular Devices, USA) was
used to conduct intrinsic fluorescence measurements. Fluorescence
intensity (F. I.) and maximum emission wavelength (λmax) were
measured following excitation at 280 nm and 295 nm for samples
at 1 mg/ml lysozyme concentration.
2.5. Reversibility index
The enthalpy of unfolding per mole of native lysozyme is con-
stant during a given DSC experiment since the system is closed
after preparation in the initial solution conditions and an apparent
decrease in ΔH during successive heating cycles is a consequence
of fewer natively folded lysozyme molecules undergoing thermal
denaturation. The decrease in ΔH, therefore, indicates the extent of
the depletion of the native conformation, or the extent of reversible
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using Eq. (1):
RI ¼ ΔHme nþ 1ð Þ
ΔHme nð Þ
ð1Þ
where, ΔHme is the integrated area under the unfolding peak from
the melt transition temperature, Tm to the end of the endothermic
transition, Te, during an unfolding event, n.
3. Results
3.1. Typical thermogram and baseline subtraction
This study investigates the degree of reversibility following thermal
denaturation at varying pH and low ionic strengths (5 mM–1000 mM)
for lysozyme. DSC analysis was used to measure the change in a
sample's apparent heat capacity, Cp, with respect to temperature. Dur-
ing the heating cycle, the endothermic, denaturation phase transition
is recorded in the DSC thermogramas an increase in Cp whereas the sig-
nature for refolding is exothermic and appears as a decrease in Cp dur-
ing the cooling cycle.
The sample heat capacity did not return to the original value fol-
lowing cooling to 40 °C, due to the difference in Cp between native
and irreversibly denatured protein [32]. In order to compare the
area under the curve between heat cycles it was therefore necessary
to perform a sample baseline subtraction. Although irreversible dena-
turation and aggregation of protein following thermal denaturation
may deform the DSC transition [36], these thermograms (Fig. S1)
were qualitatively consistent with the thermograms of Salvetti et al.,
inferring that the irreversible process of thermal denaturation did not
contribute significantly to the apparent heat capacity measurement
during DSC. The data was fitted using a cubic baseline subtraction,
performed in OriginPro 9.0. Any baseline correction unavoidably intro-
duces minor distortion to the DSC trace [36], nevertheless any bias
introduced by baseline subtraction was later eliminated during the
calculation of the proportion of refolded lysozyme. A representative,
baseline subtracted DSC thermogram is shown in Fig. 1. This thermo-
gram charts a typical thermal unfolding and refolding for lysozyme
over three heating and cooling cycles, H1–H3 and C1–C3, respectively.
3.2. Confirmation of aggregation and return to natively refolded protein
after heating and cooling
As the DSC capsules are sealed, the heated samples were not avail-
able for further analysis. Therefore the heating process was replicated-10
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Fig. 1. The normalized and baseline subtracted DSC thermogram for lysozyme
(100 mg/ml) in 0.01 M sodium phosphate buffer, pH 5 in the absence of sugar during
three heating (H1–H3) and three cooling cycles (C1–C3).with the samples heated in sealed 1.5 mL eppendorf tubes. The sam-
ples were visibly turbid after an initial heating and cooling cycle,
consistent with the formation of protein aggregates. The aggregated
material could be separated by centrifugation and the soluble protein
was removed by aspiration for further analysis.
Since high-temperature-induced chemical changes may prevent
the protein refolding to a native conformation [37], the presence of
non-fragmented, monomeric lysozyme was confirmed in the super-
natant by SDS PAGE as shown in Fig. S2. Using the replicated DSC
heating methods, supernatant samples were resolved using 12.6% SDS
PAGE. For all three samples; not heated, heated for a single cycle and
heated for two cycles, a single band is present at ~14.7 kDa, consistent
with monomeric, non-fragmented lysozyme.
Intrinsic fluorescence was used to determine whether the soluble
lysozyme monomer found in the supernatant had refolded to the
native conformation upon cooling. The fluorescence emission spectra
for unheated lysozyme and the monomeric lysozyme recovered after
a single heating and cooling cycle are shown in Fig. 2 and indicate that
soluble protein which was isolated following heat treatment had
refolded to a native form.
Where no second unfolding event was observed by DSC, samples
were found to be gel-like and no soluble lysozyme was present
which could be separated from the aggregated phase by centrifuga-
tion. Where refolding was observed, a second, broad, exothermic,
overlapping transition appeared in the thermogram during the
cooling cycle. This broad transition also appeared as a second endo-
therm during second and subsequent heating cycles. A similar
low-temperature shoulder was also observed in previous studies;
however no characterization of this peak was attempted [32,38].
Here a modified DSC procedure was used to determine whether the
additional broad transition observed upon cooling and in subsequent
heating cycles was associated with the soluble lysozyme or the aggre-
gate. Samples were prepared and heated for one cycle under the same
conditions as for the DSC measurements. The sample was centrifuged
to remove the aggregated material and the supernatant placed in
a DSC pan which was then subjected to a second heating cycle.
The broad overlapping transition previously observed during second
and third heating cycles was not present in the absence of pre-
aggregated material, Fig. S3. The melt transition temperature ob-
served for lysozyme during this experiment was consistent with the
Tm observed (74.6 °C), for the same solution conditions (100 mM so-
dium phosphate, pH 6), during a standard DSC experiment (74.1 °C),
providing further confirmation that the soluble fraction consisted of
lysozyme that had refolded to the native conformation.250 300 350 400 450 500 550
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Fig. 2. Intrinsic fluorescence spectra for soluble lysozyme in 50 mM sodium phosphate
buffer pH6, before and after heating. Open symbols — excitation at 295 nm; closed
symbols — excitation at 280 nm. ■ no heat treatment and ● one heating cycle.
Table 1
Area associated with lysozyme unfolding at different protein concentrations.
Where the initial protein concentration of 100 mg/ml is thermally denatured
and an R.I. value of 0.20 is measured this is consistent with the area of an equiv-
alent 20 mg/ml solution.
Lysozyme concentration (mg/ml) Area Tm − Te
100 55.5
50 29.1
25 18.6
20 12.4
RI = 0.20 11.7
5 6 7 8 9
69
70
71
72
73
74
75
76
77
0.0 0.2 0.4 0.6 0.8 1.0
73.5
74.0
74.5
75.0
75.5
76.0
76.5
pH 6
pH
Ionic Strength (M)T m
 (°C
)
T m
 (°C
)
Fig. 3. The pH and ionic strength dependence of the melt transition temperature, Tm1,
during the first DSC heating cycle. □ 10 mM, ○ 50 mM, and △ 100 mM.
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Eq. (1) was used to quantify reversibility of the heat induced
unfolding process, and indirectly, the degree to which protein is lost
to aggregation after successive heating cycles. Table 2 shows the RI
for all solution conditions following a single heat/cool cycle. To verify
the accuracy of the RI value, further DSC experiments were performed
at lysozyme concentrations of 20, 25 and 50 mg/ml in 50 mM sodium
phosphate buffer at pH 6. The ΔHcal values at each concentration are
shown in Table 1. For comparison, the ΔH for an RI value of 0.20 is
shown and is consistent with the ΔH value for an unheated protein
solution at that concentration. Where RI > 0 following the first heat
treatment, a second RI value was determined to quantify the degree
of reversibility following a second heat treatment. These data are
shown in Table 2.
3.4. Effect of solution conditions
The pH and ionic strength dependence of the melt transition tem-
perature during the first DSC heating cycle, Tm1, was measured.
During sample preparation, it was necessary to repeatedly wash the
lysozyme by ultrafiltration as the co-precipitated acetate salts present
in the lyophilized protein caused a pH change in the low ionic
strength buffers. This extensive desalting process ensured that both
the ionic strength and the sample pH were explicitly controlled.
Fig. 3 shows a decrease in Tm1 as pH was increased from pH 5 to
pH 9. A sharp decrease in Tm was observed between pH 5 and pH 6
for 50 mM and 100 mM buffers (ΔTm = 2.9 °C and 2.6 °C, respec-
tively). The decrease was somewhat more gradual for 10 mM buffer,
ΔTm = 1.7 °C. For all three buffers, there was a sharp decrease in Tm
between pH 6 and pH 7 (ΔTm = 3.1 °C, 2.9 °C and 2.8 °C, respectively).
A more gradual decrease in Tm was observed between pH 7 and pH 9
for all three buffers (ΔTm = 1.3 °C, 0.0 °C and 0.8 °C, respectively).
The Tm values converge at pH 5 and pH 9, regardless of the ionic
strength. Since Tm was observed to be a function of both pH and ionic
strength, a set of samples was prepared, where the pH was fixed atTable 2
Reversibility index data for each of the solution conditions probed (RI = ΔHme2 / ΔHme1). S
Solution conditions pH 5 pH 6
Tm RI Tm RI
0 mM phosphate (MilliQ) – – 75.2 0.64
5 mM phosphate – – 75.3 0.33
10 mM phosphate 76.8○ 0.58 75.1 0.30
10 mM 20% v/v maltose 81.9△ 0.59 82.3▲ 0.66
10 mM 20% v/v trehalose 83.8▽ 0.64 80.1▼ 0.42
50 mM phosphate 76.8▷ 0.55 74.3 0.20
50 mM 20% v/v maltose 83.5□ 0.56 79.7◀ 0.35
50 mM 20% v/v trehalose 85.1 ⃟ 0.56 81.0▶ 0.27
100 mM phosphate 76.7▽ 0.51 74.1 0.17
200 mM phosphate – – 73.9 0.00
500 mM phosphate – – 73.9 0.00
750 mM phosphate – – 74.8 0.00
1 M phosphate – – 76.1 0.00pH 6 and additional DSC measurements were taken for an extended
range of ionic strengths (5–1000 mM). In the absence of added sodium
phosphate the pH of the lysozyme solution was measured in-situ and
found to be pH 6 following multiple desalting washes with deionized
MilliQ water. Tm in the absence of sodium phosphate was 75.2 °C. As
the ionic strength was increased, Tm decreased for ionic strength
values ≤ 200 mM. However, when the ionic strength was increased
above 200 mM, Tm began to increase and exceeded the Tm value for
water at 1000 mM sodium phosphate.
Fig. 4 shows the dependence of the refolding index, RI on pH and
ionic strength. RI decreased as pH increased and no refolding was
observed at pH ≥ 7. At pH 5 the refolding index was greater at
10 mM than at either 50 mM or 100 mM — both of which had the
same value. At pH 6, where an extended range of ionic strengths
were measured, refolding of thermally denatured lysozyme was
greatest in the absence of sodium phosphate (i.e. in deionized MilliQ
water). As ionic strength increased, reversibility decreased and was
absent for concentrations ≥ 200 mM.
The relationship between the thermal stability of lysozyme and
its refolding capability following thermal denaturation is shown
in Figs. 5 & 6. As reported above, refolding was observed only at
pH 5 and pH 6 and Tm values for this pH range were higher than Tm
values for pH ≥ 7. The refolding behavior is complex. Where no
refolding was observed, Tm values ranged from 69.9 °C to 79.7 °C.
Where refolding was observed Tm varied between 74.1 °C and
80.7 °C. Thus, there was extensive overlap between the Tm values
where non-reversible and reversible thermal denaturation occurred.
Furthermore, for a given pH value e.g. pH 6, at the highest and lowest
Tm, no refolding was observed whereas refolding was observed forymbols are used in Fig. 6.
pH 7 pH 8 pH 9
Tm RI Tm RI Tm RI
– – – – – –
– – – – –
72 0.00 71.5 0.00 70.2 0.00
79.7 0.21 77.7 0.00 – –
80.7 0.07 79.7 0.00 – –
71.4 0.00 70.1 0.00 70.1 –
77.4 0.00 74.3 0.00 – –
77.6 0.00 76.4 0.00 – –
71.3 0.00 70.7 0.00 69.9 0.00
– – – – – –
– – – – – –
– – – – – –
– – – – – –
Fig. 6. Comparing the Tm to the refolding index (RI) over all solution conditions probed.
Solution conditions that result in an increase in Tm do not generally correlate with an
increase in refolding following thermal denaturation. For key see Table 2.
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after the first DSC heating cycle. □ 10 mM, ○ 50 mM, and △ 100 mM.
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portions of refolded protein (Fig. 5).
3.5. Addition of sugar
Co-solutes such as disaccharides are known to increase Tm [21]. To
assess whether a disaccharide induced increase in Tm had an impact
on the reversibility of thermally induced denaturation, measurements
were repeated, in the presence of 20% v/v trehalose and maltose
(Table 2). Under all solution conditions studied, Tm was increased
in the presence of disaccharide. At pH 5 and pH 8, the proportion
of refolded protein was not increased. At pH 6, the proportion of
refolding was increased for all solution conditions studied. For pH 7,
an increase in refolding was only observed at 10 mM. No direct corre-
lation between Tm and RI (see Fig. 6) was observed nor was any cor-
relation observed between ΔTm and ΔRI (data not shown).
4. Discussion
DSC measurements have been used to quantify the degree of
reversibility following thermal denaturation. Between the initial
heating ramp and each subsequent heating cycle, progressively smaller
changes in apparent heat capacity were observed. Because of irrevers-
ible aggregate formation the quantity of unfolded protein which is
available to refold to the native conformation during the cooling cycles
is depleted. Two distinct protein phases were present after heating;
visibly aggregatedmaterial, which could be separated by centrifugation
and soluble protein, which we have shown is monomeric and in a0.0 0.2 0.4 0.6 0.8 1.0
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Fig. 5. The ionic strength dependence of the refolding index and melt transition tem-
perature at pH 6. ▲ Tm and ■ refolding index.natively folded state.Where no exothermic refoldingwas detected dur-
ing the DSC cooling cycle the replicate sample was observed to be
gel-like and no natively folded lysozyme was detected in the superna-
tant following centrifugation. Thus, the diminution or absence of the
unfolding endotherm during successive heating cycles was due to the
reduced quantity of lysozyme which successfully refolded during the
previous cooling cycle [32].
During the DSC heating cycle, aggregation is recorded as an exo-
thermic process. It was therefore necessary to consider any impact
this competing energy flow might have on the unfolding endotherm.
The endothermic, unfolding transition during the heating cycle, was
neither followed by, nor appreciably foreshortened by the competing
energy flow associated with aggregate formation. Indeed, the area
under the peak was integrated to calculate the calorimetric enthalpy,
ΔHcal = 111 kcal mol−1 (50 mM, pH 6), a value which was in agree-
ment with previously reported values [32,39]. Furthermore, calculation
of enthalpy using the van't Hoff method, which relies on the two state
model, yields ΔHVH = 118 kcal mol−1, giving ΔHcal / ΔHVH ≈ 1, Fig.
S4. Thus, even though ΔH could not be unambiguously calculated,
both the ΔHcal and the cooperativity values (ΔHcal / ΔHVH) indicate
that the unfolding signature is not radically altered, under these solu-
tion conditions, by aggregate formation.
A scan rate of 1 °C/min is commonly used for lysozyme DSC
measurements and slower scan rates do not affect Tm [40,41]; thus
kinetic effects which effect the unfolding are not registered in these
thermograms. However, some hysteresis (Tm > Tf) was observed
upon cooling, due to the kinetics of refolding, therefore the RI values
calculated are based on the second unfolding rather than the first
refold, thereby allowing the refolding to reach an equilibrium state.
It should be noted that, despite this hysteresis, when the cooling ther-
mogram was correspondingly integrated, there was no significant
difference in the RI values (data not shown). In addition, since the
DSC scans were performed at a constant rate of 1 °C/min, and for so-
lutions with lower Tm values, the length of time for which the protein
was unfolded was greater than for those with higher Tm values. It was
observed that very similar Tm values had very different RI values, thus
a kinetic component to the aggregation process was ruled out
The effects of pH, anion type and ionic strength on melt transition
temperature have been much studied, particularly for lysozyme
[18,33,42]. Thus, by taking advantage of these effects we have me-
thodically generated a set of solution conditions whereby the Tm of
the protein varies. To the best of our knowledge, such a comprehen-
sive set of data for lysozyme is unavailable in the literature. Thus,
these data may be considered in their own right. The decrease in Tm
was not linear (Fig. 3), due to the deprotonation of key stabilizing
amino acid residues (His 15 and Glu 35, pKa 5.4 and 6.2, respectively)
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fect, varying pH also alters the hydrogen bonding network within the
protein's secondary structural units in a non-specific manner, which,
in turn, alters thermal stability [45]. Between 10 mM and 100 mM
the thermal stability of lysozyme decreases and the values converge
at pH 5 and pH 9 regardless of ionic strength. At pH 6 measurements
were extended up to 1000 mM. The thermal stability decreased
with ionic strength for concentrations ≤ 200 mM, after which Tm be-
gins to increase. Therefore, it is possible to tune Tm by varying ionic
strength between pH 5 and pH 9 but beyond these pH values, Tm is
not sensitive to sodium phosphate ionic strength at these low salt
concentrations.
The reversibility data indicates that no refolding occurs above
pH 7, indicating that maximum aggregation occurs beyond this pH.
The aggregation behavior of proteins is characterized by the opposing
forces of electrostatic repulsion and the attraction of both van der
Waal's and hydrophobic effects. As the pH of the solution approaches
the isoelectric point, the electrostatic repulsions decrease and the
protein–protein attractive forces dominate, leading to the formation
of aggregates at pH ≥ 7.
At pH 6, where an extended range of ionic strengths were
tested, refolding of thermally denatured lysozyme was greatest in
MilliQ water (in the absence of added salt) and was absent for
concentrations ≥ 200 mM. Ion specific effects on the aggregation be-
havior of proteins aremore complex and aremediated by both specific
and non-specific interactions between the ions and proteins and
between the ions and water [46,47]. At low salt concentrations the
anions bind to the positive side chains and neutralize the charge,
thus reducing repulsion. When the electrostatic binding has reached
saturation point, the polarizability of the anion determines its degree
of interaction with hydrophobic binding sites [38]. Our reversibility
index as shown in Fig. 5 is consistent with these studies. At low ionic
strength the phosphate ions initially bind to the positive charges on ly-
sozyme, neutralizing those charges, decreasing repulsions and hence
increasing aggregation. Above the saturation point, the phosphate
ions are excluded from the hydrophobic binding sites, increasing
the interfacial surface tension, which is subsequently minimized by
aggregation. The melt transition temperature is expected to decrease
initially as the phosphate anions are accumulated at the protein sur-
face relative to the bulk water. This partitioning favors the salting-in
process with a concomitant decrease in Tm. As the positive charges
on the lysozyme become neutralized, the phosphate anions accumu-
late preferentially in the bulk. Thus, the salting-out process becomes
favored with an accompanying increase in Tm.
Melt transition temperature is widely used as a measure of protein
stability [8,13,48]. Depending upon the circumstances, thermal dena-
turation may occur, deliberately [11,12] or inadvertently [10], during
protein purification, processing or handling. Our results show that Tm
provides no indication of the reversibility of that thermal denatur-
ation (Fig. 6). There was extensive overlap between the Tm values
where non-reversible and reversible thermal denaturation occurred.
The results for pH 6 are a clear case in point, where, at the highest
and lowest Tm, no refolding was observed whereas refolding was
observed for intermediate values, but with similar Tm values having
different proportions of refolded protein.
Co-solutes, such as disaccharides are known to increase Tm [21]
and are a common excipient in protein formulations [10]. In previous
work, we have shown that while saccharides consistently increase
Tm, an increase in colloidal stability is only observed when the inter-
action potential is not dominated by electrostatic repulsion [20]. The
presence of 20% v/v trehalose or maltose resulted in an increase in
Tm values; however, this increased thermal stability was not always
accompanied by an increase in the proportion of refolded lysozyme.
No quantifiable relationship between the increase in Tm due to
the presence of disaccharide excipients and the extent of refolding
could be determined. For example, where melt transition temperatureincreased by≈7 °C, the protein refolding increased by 40% for 10 mM
pH 6 but no increase in refolding was observed for 10 mM pH 5.
Thus, using DSC, we designed a method to measure the magnitude
of reversible unfolding following thermal denaturation and show
that where melt transition temperatures are exceeded, deliberately
or inadvertently, during protein purification, processing or handling,
Tm provides no indication of the potential reversibility of that thermal
denaturation.
5. Conclusion
In summary, we have methodically generated a set of solution
conditions, by varying pH, ionic strength and the addition of disaccha-
rides, whereby the Tm for lysozyme varies. The proportion of revers-
ible thermal denaturation was then measured and compared with
Tm. Where solution conditions resulted in the same thermal transition
temperature, large differences in the degree of reversibility were
observed. We found that reversibility is both pH and ionic strength
dependent with the greatest degree of reversibility shown at pHs fur-
thest from the isoelectric point and at lower ionic strengths. Hence,
repulsive electrostatic interactions are important in determining
the degree of reversibility. Disaccharide excipients increase the tem-
perature at which unfolding occurs without necessarily providing in-
creased reversibility. These results are consistent with our previous
work, where increased colloidal stability for natively folded lysozyme
in the presence of disaccharides was limited to solution conditions
where the interaction potential was not dominated by electrostatic
repulsion [20]. Likewise, disaccharides provide limited colloidal sta-
bility to the thermally unfolded lysozyme. We established a method
to measure the degree of reversible unfolding following thermal de-
naturation using DSC. We show that the melt transition temperature
does not provide a suitable measure of degree of refolding following
thermal denaturation of lysozyme. This type of analysis may prove
useful in assessing the stability of proteins in both the biopharmaceu-
tical and food industries. It would be interesting to see if similar effects
are observed with other proteins.
Acknowledgements
We acknowledge financial support from the National University
of Ireland, Maynooth Doctoral Teaching Fellowship. J. J. McManus ac-
knowledges financial support from the Science Foundation Ireland
Stokes Lectureship.
Appendix A. Supplementary data
Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.bbapap.2013.06.001.
References
[1] A. Aguzzi, T. O'Connor, Protein aggregation diseases: pathogenicity and therapeu-
tic perspectives, Nat. Rev. Drug Discov. 9 (2010) 237–248.
[2] H.C. Mahler, W. Friess, U. Grauschopf, S. Kiese, Protein aggregation: pathways,
induction factors and analysis, J. Pharm. Sci. 98 (2009) 2909–2934.
[3] P. Neudecker, P. Robustelli, A. Cavalli, P. Walsh, P. Lundstrom, A. Zarrine-Afsar, S.
Sharpe, M. Vendruscolo, L.E. Kay, Structure of an intermediate state in protein
folding and aggregation, Science 336 (2012) 362–366.
[4] T. Cellmer, D. Bratko, J.M. Prausnitz, H.W. Blanch, Protein aggregation in silico,
Trends Biotechnol. 25 (2007) 254–261.
[5] W.F.T. Weiss, T.M. Young, C.J. Roberts, Principles, approaches, and challenges
for predicting protein aggregation rates and shelf life, J. Pharm. Sci. 98 (2009)
1246–1277.
[6] A.S. De Groot, D.W. Scott, Immunogenicity of protein therapeutics, Trends
Immunol. 28 (2007) 482–490.
[7] W.Wang, Protein aggregation and its inhibition in biopharmaceutics, Int. J. Pharm.
289 (2005) 1–30.
[8] A. Cooper, Thermodynamic analysis of biomolecular interactions, Curr. Opin.
Chem. Biol. 3 (1999) 557–563.
2070 A. Blumlein, J.J. McManus / Biochimica et Biophysica Acta 1834 (2013) 2064–2070[9] E.Y. Chi, S. Krishnan, T.W. Randolph, J.F. Carpenter, Physical stability of proteins in
aqueous solution: mechanism and driving forces in nonnative protein aggrega-
tion, Pharm. Res. 20 (2003) 1325–1336.
[10] T.J. Kamerzell, R. Esfandiary, S.B. Joshi, C.R. Middaugh, D.B. Volkin, Protein–excipient
interactions: mechanisms and biophysical characterization applied to protein for-
mulation development, Adv. Drug Deliv. Rev. 63 (2011) 1118–1159.
[11] D.M. Mulvihill, M. Donovan, Whey proteins and their thermal denaturation — a
review, Irish J. Food Sci. Tecnol. 11 (1987) 43–75.
[12] Y.-H. Lee, Food-processing approaches to altering allergenic potential of milk-based
formula, J. Pediatr. 121 (1992) S47–S50.
[13] Y. Zhang, P.S. Cremer, The inverse and direct Hofmeister series for lysozyme, Proc.
Natl. Acad. Sci. U. S. A. 106 (2009) 15249–15253.
[14] A.P. Minton, Influence of macromolecular crowding upon the stability and state
of association of proteins: predictions and observations, J. Pharm. Sci. 94 (2005)
1668–1675.
[15] A. Lomakin, D.B. Teplow,D.A. Kirschner,G.B. Benedek, Kinetic theoryoffibrillogenesis
of amyloid beta-protein, Proc. Natl. Acad. Sci. U. S. A. 94 (1997) 7942–7947.
[16] P. Putignano, G.A. Kaltsas, M. Korbonits, P.J. Jenkins, J.P. Monson, G.M. Besser, A.B.
Grossman, Alterations in serum protein levels in patients with Cushing's
syndrome before and after successful treatment, J. Clin. Endocrinol. Metab. 85
(2000) 3309–3312.
[17] K. Talley, E. Alexov, On the pH-optimum of activity and stability of proteins,
Proteins 78 (2010) 2699–2706.
[18] F. Hofmeister, Zur Lehre von der Wirkung der Salze, N-S Arch. Pharmacol. 24
(1888) 247–260.
[19] M. Bostrom, D.F. Parsons, A. Salis, B.W. Ninham, M. Monduzzi, Possible origin
of the inverse and direct Hofmeister series for lysozyme at low and high salt
concentrations, Langmuir 27 (2011) 9504–9511.
[20] S. James, J.J. McManus, Thermal and solution stability of lysozyme in the presence
of sucrose, glucose, and trehalose, J. Phys. Chem. B 22 (2012) 22.
[21] M. Sola-Penna, J.R. Meyer-Fernandes, Stabilization against thermal inactivation
promoted by sugars on enzyme structure and function: why is trehalose more
effective than other sugars? Arch. Biochem. Biophys. 360 (1998) 10–14.
[22] A. Hedoux, J.F. Willart, R. Ionov, F. Affouard, Y. Guinet, L. Paccou, A. Lerbret, M.
Descamps, Analysis of sugar bioprotectivemechanisms on the thermal denaturation
of lysozyme from Raman scattering and differential scanning calorimetry investiga-
tions, J. Phys. Chem. B 110 (2006) 22886–22893.
[23] T. Arakawa, R. Bhat, S.N. Timasheff, Preferential interactions determine protein
solubility in 3-component solutions — the MGCL2 system, Biochemistry 29 (1990)
1914–1923.
[24] B.S. Kendrick, J.L. Cleland, X. Lam, T. Nguyen, T.W. Randolph, M.C. Manning, J.F.
Carpenter, Aggregation of recombinant human interferon gamma: kinetics and
structural transitions, J. Pharm. Sci. 87 (1998) 1069–1076.
[25] G.B. Fields, D.O.V. Alonso, D. Stigter, K.A. Dill, Theory for the aggregation of pro-
teins and copolymers, J. Phys. Chem. 96 (1992) 3974–3981.
[26] C.B. Anfinsen, Principles that govern the folding of protein chains, Science 181
(1973) 223–230.
[27] B.A. Pethica, The thermodynamics of protein folding: a critique of widely used
quasi-thermodynamic interpretations and a restatement based on the Gibbs–
Duhem relation and consistent with the Phase Rule, Phys. Chem. Chem. Phys.
12 (2010) 7445–7456.
[28] C.C.F. Blake, D.E.P. Grace, L.N. Johnson, S.J. Perkins, D.C. Phillips, R. Cassels, C.M.
Dobson, F.M. Poulsen, R.J.P. Williams, Physical and chemical properties of lyso-
zyme, Ciba Foundation Symposium 60 — Molecular Interactions and Activity in
Proteins, John Wiley & Sons, Ltd., 2008, pp. 137–185.[29] K. Sasahara, H. Yagi, H. Naiki, Y. Goto, Heat-induced conversion of β2-microglobulin
and hen egg-white lysozyme into amyloid fibrils, J. Mol. Biol. 372 (2007) 981–991.
[30] J.J. Luo, F.G. Wu, J.S. Yu, R. Wang, Z.W. Yu, Denaturation behaviors of two-state
and non-two-state proteins examined by an interruption–incubation protocol,
J. Phys. Chem. B 115 (2011) 8901–8909.
[31] A. Hedoux, R. Ionov, J.F. Willart, A. Lerbret, F. Affouard, Y. Guinet, M. Descamps, D.
Prevost, L. Paccou, F. Danede, Evidence of a two-stage thermal denaturation
process in lysozyme: a Raman scattering and differential scanning calorimetry in-
vestigation, J. Chem. Phys. 124 (2006) 14703.
[32] G. Salvetti, E. Tombari, L. Mikheeva, G.P. Johari, The endothermic effects during
denaturation of lysozyme by temperature modulated calorimetry and an inter-
mediate reaction equilibrium, J. Phys. Chem. B 106 (2002) 6081–6087.
[33] A.J. Sophianopoulos, C.K. Rhodes, D.N. Holcomb, K.E. Van Holde, Physical studies
of lysozyme. I. Characterization, J. Biol. Chem. 237 (1962) 1107–1112.
[34] Z.Y. Ju, N.S. Hettiarachchy, N. Rath, Extraction, denaturation and hydrophobic
properties of rice flour proteins, J. Food Sci. 66 (2001) 229–232.
[35] M.V. Roux, R. Notario, M. Segura, R. Guzmán-Mejía, E. Juaristi, J.S. Chickos,
Thermophysical study of several α-and β-amino acid derivatives by differential
scanning calorimetry (DSC), J. Chem. Eng. Data 56 (2011) 3807–3812.
[36] M. der, Protein–ligand interactions: a practical approach volume 1: hydrodynamics
and calorimetry, in: S.E. Harding, B. Chowdhry, S.E. Harding, Babur Chowdhry (Eds.),
2000, pp. 1–50.
[37] J.J. Cournoyer, J.L. Pittman, V.B. Ivleva, E. Fallows, L. Waskell, C.E. Costello, P.B.
O'Connor, Deamidation: differentiation of aspartyl from isoaspartyl products in
peptides by electron capture dissociation, Protein Sci. 14 (2005) 452–463.
[38] K.B. Rembert, J. Paterová, J. Heyda, C. Hilty, P. Jungwirth, P.S. Cremer, Molecular
mechanisms of ion-specific effects on proteins, J. Am. Chem. Soc. 134 (2012)
10039–10046.
[39] K. Gekko, Calorimetric study on thermal denaturation of lysozyme in polyol–water
mixtures, J. Biochem. 91 (1982) 1197–1204.
[40] M. Ferreira, C. Hofer, A. Raemy, A calorimetric study of egg white proteins, J. Ther.
Anal. 48 (1997) 683–690.
[41] F.-G. Wu, J.-J. Luo, Z.-W. Yu, Unfolding and refolding details of lysozyme in the
presence of [small beta]-casein micelles, Phys. Chem. Chem. Phys. 13 (2011)
3429–3436.
[42] C. Tanford, Protein denaturation, Adv. Protein Chem. 23 (1968) 121–282.
[43] T. Ohmura, T. Ueda, H. Motoshima, T. Tamura, T. Imoto, Analysis of the stability
of mutant lysozymes at position 15 using X-ray crystallography, J. Biochem. 122
(1997) 512–517.
[44] M. Inoue, H. Yamada, Y. Hashimoto, T. Yasukochi, K. Hamaguchi, T. Miki, T.
Horiuchi, T. Imoto, Stabilization of a protein by removal of unfavorable abnormal
pKa: substitution of undissociable residue for glutamic acid-35 in chicken lyso-
zyme, Biochemistry 31 (1992) 8816–8821.
[45] M. Mutter, R. Gassmann, U. Buttkus, K.H. Altmann, Switch peptides: pH-induced
α-helix to β-sheet transitions of bis-amphiphilic oligopeptides, Angew. Chem.
Int. Ed. (English) 30 (1991) 1514–1516.
[46] Y. Zhang, P.S. Cremer, Interactions between macromolecules and ions: the
Hofmeister series, Curr. Opin. Chem. Biol. 10 (2006) 658–663.
[47] D. Kameoka, E. Masuzaki, T. Ueda, T. Imoto, Effect of buffer species on the
unfolding and the aggregation of humanized IgG, J. Biochem. 142 (2007)
383–391.
[48] M.W. Pantoliano, E.C. Petrella, J.D. Kwasnoski, V.S. Lobanov, J. Myslik, E. Graf, T.
Carver, E. Asel, B.A. Springer, P. Lane, F.R. Salemme, High-density miniaturized
thermal shift assays as a general strategy for drug discovery, J. Biomol. Screen. 6
(2001) 429–440.
